Polymer matrix composites (PMCs) are extensively known for their higher strength and stiffness at lower weight compared to traditional materials. They are extensively used in numerous engineering applications.
A c c e p t e d M a n u s c r i p t research is targeted towards erosion characteristics of PMCs owing to their potential use in many engineering applications. Composites are subjected to different tests for predicting their erosion endurance.
Wear is unwanted damage to the surface of a solid that involves gradual loss of material from the contacting surfaces due to their relative motion. It is an external response of a material which can be either mechanical or chemical. Research towards wear in industrial countries started in early sixties. There are mainly five modes of wear, namely, abrasive, adhesive, fretting, erosion and fatigue wear. Among them, abrasive and erosion wear are most important as they contribute 75% of total wear cost [11] .
One of the typical mode of wear is Solid particle erosion (SPE) which is defined as the material loss due to repetitive impact of hard and angular particles. The solid particles move at distinct velocities and impact angles and strike the surface of material. The exposed surface undergoes degradation. SPE identified as a serious problem in various machinery parts that include hydraulic systems, steam and jet turbines, pipelines and valves, airplane parts, liquid impellers etc. [12] . In such applications, erosion characteristic is very important as they are operated in dusty environment [13] . But in certain situations of solid particle erosion, such as sand-blasting, the erosion is a useful phenomenon as it improves surface finish to final manufactured components [14] . In defense applications, the resistance to rain and soil particle erosion were key issues for non-metallic materials [15] . SPE is a tribological phenomenon which is a combination of mechanical load that is associated with secondary thermal, physical or chemical reaction between the counter surfaces [16] . In comparison with metals, composites have complicated failure mechanisms that influence their working conditions as well as material properties. Erosion affects solid materials in highly erosive environment. That's the reason why from past decades, the erosion characteristics of polymer composites has been an interesting subject to many researchers. This paper presents an extensive review on the influence of erosion test parameters on fiber-filler reinforced polymer composites.
Factors affecting the SPE of polymer composites
In fiber reinforced polymer matrix composites, the erosion process takes place in three modes [17] as follows:
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(ii) Impact of erodents on the fibers causes breakage due to crack formation perpendicular to length.
(iii) Final damage occurs due to the breakage of interface between resin and broken fibers which are removed by continuous impact.
The erosion resistance behaviour of PMCs are influenced by many parameters such as impact angle, impact velocity, shape and size of erodent particles, erodent flux rate, pressure, standoff distance, temperature, fiber length, fiber orientation, fiber and filler content. For polymer composites, the factors affecting the erosion wear rate is mainly influenced a) Type of polymer matrix i.e. whether Thermoplastic or Thermoset, b) Brittleness of fiber reinforcements, c) Fiber and matrix interface bonding [18] . The popular method in improving the erosion resistance of PMCs is by incorporating the fibers and filler particles as reinforcements based on application need.
Effect of Impact Velocity on SPE
Erosion wear rate is due to increased velocity of erodent particles and their impact energy. The velocity with which erosive particle (erodent) strikes the target material is termed Impact or Impingement velocity which has a strong influence on erosion. As the velocity increases, the eroded surface undergoes plastic deformation and subsurface cracking is observed due to the impact of particles. Even melting at impacted surface may happen at high particle velocities. On the other hand, at low velocity, the stress due to impact is insufficient for plastic deformation and wear occurs by surface fatigue. Low impact velocity events can be treated as quasi-static. Impact velocities are classified based on severity of damage. Low impact velocity is characterized by delamination and matrix cracking whereas high velocity is characterized by penetration that induces fiber breakage [19] . It is very essential to identify the type of failure mode as it gives information about structural residual strength [20] .
A review paper by Ritesh Kaundal [21] mentioned the relation between wear rate and variation of impact velocity from medium to high which is given by power law − = .
Where m is the wornout specimen mass, t is the process time duration, n is a velocity exponent, K is empirical constant. The value of exponent n is determined by erodent and target material characteristics. For polymer materials having ductile nature, the value of n varies from 2 to 3 whereas for brittle nature it varies from 3-5. In general, for most of the PMCs the velocity exponent is found to vary from 1.5 to 2.9. Biswajyoti Pani et al [22] gave another relationship between variation of velocity (V) with respect to Erosion value (Ev) as Page 3 of 38  AUTHOR SUBMITTED MANUSCRIPT -MRX-120045.R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t shown in equation (1) .Where p is material constant and one of the testing variables that includes particle characteristics. And q is material independent, which is influenced by erosion test apparatus. An extensive study on the influence of impingement velocity on erosion behavior of glass fiber epoxy composites with the addition of ceramic particles (red mud) was carried out by Biswas and Satapathy [23] . They had reported that influence of impingement velocity on erosion wear rate is less when compared to all other testing parameters. Similar results were also concluded by Patnaik et al [24, 25] for glass fiber /polyester composites with the addition of SiC, Alumina ceramic particles respectively.
= ×
(1) other angles for detail study on material behavior. To study the erosion behavior, the target material is assumed to be perfectly plastic neglecting elastic rebound effect and the impact particle to be rigid. Thus this theory is often referred to as "rigid-plastic". Based on the impact angle (α) the erosion is classified into two types [26] : (i) For α ≈ 90 o erosion occurs at normal impact angles (ii) For 0 o < α < 90 o the erosion occurs at oblique impact angles. For lower impact angles the wear process of materials is due to the abrasion whereas for high impact angle, the wear process is of SPE.
Effect of Impingement Angle on SPE
The erosion wear of PMCs is categorized as brittle and ductile subjected to variation in erosion rate with regard to impingement angles. Ductile nature is identified for maximum erosion rate which occurs at lower impact angles i.e.15° < α < 30°. In this stage the target material experiences weight gain as erodent particles are embedded into the surface. In contrast, if the maximum erosion wear occurs at normal impact angle (α =90°) then the material is considered to be brittle. In this case, there is an increase of weight loss with respect to exposure time of target material. It was found that FRPs exhibit semi-ductile nature with maximum erosion observed at impact angle between 45 o and 60 o [27] .
Effect of Erodent Characteristics
The physical characteristics like size and shape of eroding material play a major role in SPE of PMCs.
Transitions in wear mechanism is often affected by changes in the shape and hardness of erodent particles.
For harder or brittle materials, erosion wear increases with increase in erodent size and hardness until the saturation level is reached. In case of ductile polymers, there is no such noticeable effect with the variation of erodent hardness [28] . It was also observed that under 100µm diametrical size erodent particles only Page 4 of 38  AUTHOR SUBMITTED MANUSCRIPT -MRX-120045.R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t produce considerable erosion effect for ductile materials [29] . Erosion rate is independent of particle size beyond the critical value of 100-200µm [30] . Up to the critical value, the erosion rate increases with erodent size but beyond the critical value, the erosion rate gets decreased due to increased particle collisions. One more reason can be the fewer number of particles that reach per unit weight of sample as erodent size increases which often results in lower erosion wear rate [29, 31, 32] The shape of erodent particles influences the erosion rate of PMCs. Spherical shape of eroding particle leads to plastic deformation whereas sharp particles cause brittle fragmentation [30] . The impingement of spherical particles on ductile materials causes ploughing action which forms the lips around the crater that break in succeeding impact [33] . A study by Hutchings & Winter [34] found that the angular shaped erodents remove the material by ploughing and micro-cutting. Levy et al. [35] studied the erosion of AISI 1020 steel target material by angular and spherical shaped steel shots. They observed that four times more erosion rate is caused due to angular grits when compared with spherically eroding particle. Erosion rate is dependent on exposure conditions. Similar results were also reported by Liebhard et al.
[36] on 1018 steel material by erodents of spherical glass beads and angular SiC. Erosion tests on polymer composites are generally conducted at room temperature (RT). The erosion trend is higher for the polymers with glass transition temperature (Tg) beyond RT [28] . In contrast the erosion wear decreases for the polymers of Tg < RT [37]. Z.Feng & A.Ball [38] studied the effect of erosion rate for seven different erodent particles on the different target materials i.e. Glass, alumina, tungsten carbide and Stainless steel. From their studies they have concluded that the erosion rate for brittle materials is affected by erodent size and kinetic energy.
For ductile materials erodent shape and kinetic energy influence the erosion behavior. There is no substantial effect of toughness and hardness of eroding particles on erosion rate. Sinmazcelik and Sari
[39] extensively studied the effect of erodent size and impact angle on erosion resistance of glass fiberpolyphenylene sulfide composite. Alumina with different sizes were used as erodent particles. It was found that the maximum erosion rate occurs by smaller size eroding particles at impact angle of 30 o . And the erosion due to larger size particles occurs between 45 o to 60 o impact angle.
The erodent hardness influences erosion wear which depends on erosion wear mode i.e. ductile or brittle. The eroding particle hardness in brittle mode is more significant than in ductile mode. The harder particles causes high wear rate than softer ones. It is difficult to differentiate the particle hardness from A c c e p t e d M a n u s c r i p t other features like its geometry. If the particle is hard and blunt, then erosion is higher [30] . The erosion wear rate increases with higher hardness and larger size of erodent particles until saturation level is reached. In case of ductile polymers, due to their low hardness no significant change in the hardness of much harder erodent particles is noticed [28] .
The erodent fracture toughness is one of the controlling parameters of erosion wear when the fragmentation of erodent particles is observed after their impact. During the fragmentation of particle, the stresses are distributed over the surface. During this process the energy getting into target material reduces, which further decreases the wear. However, fragments having sharp edges than the original eroding particles may increase the wear [40] . Erodent flux or feed rate has a significant influence on the erosion wear rate. It can be defined as the mass of impacting particles per unit area and unit time. The flux rate of eroding particles can be maintained by controlling the distance between particle feeding hopper and the belt drive that carries the particles to mixing chamber. With the variation in pressure of compressed air, the impingement velocity of eroding particles can be varied. The velocity of eroding particles can be determined by rotating disc method [41] . Theoretically, erodent flux rate doesn't influence erosion rate because all the particles hit the target with identical impact velocity and angle. But practically the flux rate affects measured erosion rate. Erosion rate is proportional to threshold feed rate limit of 100 kg/m 2 s for elastomers to 10,000 kg/m 2 s in case of erosion on metals by large erodents. It was observed that wear rate slightly decreases when the limiting feed rate exceeds a certain level. J.C.Arnold and I.M. Hutchings [42] studied the feed rate of silica erodent on the erosion wear of elastomers and found that erosion rate increases at low particle flux. Conversely, K.Anand et al. [43] analyzed the erosion of 1018 steel and witnessed a significant decrease in erosion wear with increase of erodent flux rate. G.Sundar rajan and M. Roy [44] mentioned that there is no effect of particle feed rate on the erosion wear of metals but then observed an exponential decrease in erosion rate with increase of flux rate.
Erosion tests are usually conducted at constant room temperature conditions. If the solid particles are heated to higher temperature, then the target material dissipates thermal energy along with kinetic energy. A c c e p t e d M a n u s c r i p t
Influence of Fiber Material on SPE
The strength and stiffness of polymers increase when they are reinforced with fibers. Such composites are often referred to as Fiber reinforced composites (FRPs). So far fibers such as carbon [48, 49] 58] , glass [59, 60, 61] , hemp [62, 63] , Aramid [64, 65] , coir [66, 67] etc. had been studied. At present more than 90% of FRPs are reinforced with either glass or carbon fibers due to their vast applications. Very few studies are available for other fibers.
Polymer matrix composite materials with continuous fibers possess very attractive mechanical properties like high elastic modulus and strength per unit weight, impact resistance, durability and good chemical and environmental resistance as that of traditional materials. Most research has been carried out on FRPs in comparison with un-reinforced matrices. As the nature of fibers is brittle, their inclusion in composites leads to the weakening of erosion resistance of matrix. Ductile fiber reinforced polymers are called selfhealing polymers which are employed in advanced high performance composite materials. In a comparison between glass fiber (GF) and carbon fiber (CF) epoxy composites, the glass fiber reinforced composites (GFRP) show higher erosion wear for all fiber orientations. The reason may be weak interfacial bonding between matrix and glass fibers [68] .
From recent years, short fiber reinforced polymer matrix composites (SFRP) have rapidly grown in numerous engineering applications due to high erosion resistance compared to long fiber reinforced composites. SFRP possess easy process ability with low manufacturing cost [69] . Miyazaki et al. [70] evaluated the erosion performance of short glass fiber and carbon fiber in thermoplastic resin matrices.
They observed that erosion rate for short fibers added FRPs depend on the type of matrix and the volume content of fibers.
Zhag et al. [71] performed the test to investigate the wear on SFRP. Composites were fabricated with carbon fiber of 400mm and 90 mm lengths. Their studies revealed that short carbon fiber of 400 mm shows greater wear resistivity than others because of its bond strength with the matrix. Limited studies [74, 165] were available for 15 o fiber orientation angle. But the investigations can be extended further on other fiber orientation angles to study the erosion rate in detail. The erosion studies were reported for both uni and bi-directional fiber reinforcement composites. Different orientation angles for a bi-directional fibers is shown in figure 1 . The orientation of reinforcement fibers can be in any 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t direction with respect to impacting erodent. Unless otherwise stated, the erodent stream can strike the fibers at any angle with respect to longitudinal direction of fibers. The results from the literature showed various trends in erosion rate that depends on parameters like impingement angle, nature of fiber, adhesion of fiber and matrix, fiber content etc. It was noticed that the removal of fiber was because of unsupported fiber bending, which occurs due to the removal of surrounding matrix. The bending resistance of fiber depends on matrix-fiber adhesion bonding.
Effect of Fiber Orientation during Erosion
The shape of fibers which are exposed changes with fiber orientation angle. This exposure shape is mostly influenced by the impact angle [26] . Hence the role of fiber orientation is essential in understanding the erosion wear behaviour of polymer composites along with all other parameters. Researches [72, 74] showed that fiber laminate orientation strongly effects the erosion rate for unidirectional composites. It was also noticed that 90 o uni-directional composites are more prone to erode than other uni-directional angles.
Figure 1 Schematic diagram of bi-directional fiber orientation angles
Naidu et al. [73] examined the erosive characteristics of bi and multi-directional glass fiber epoxy composites. For both the composites, maximum erosion occurred between 30 to 45 degree impact angles proving their nature as semi-ductile. Their studies concluded that fiber orientation has least influence on erosion wear. On the contrary M.K Reddy et al. [74] performed erosion tests for carbon fiber reinforced epoxy composites for different fiber orientations. Their studies revealed that irrespective of fiber volume, erosion rate increase with fiber orientation. It was concluded that erosion wear is strongly dependent on fiber orientation. Similarly A.Kim et al. [75] reported the wear rate for CFRP composites with uni and multi directional fiber orientations. It was observed that erosion resistance for multi-directional composites is high compared to uni-directional. It is because the cross fibers present in multi-directional composites held tightly with the matrix and therefore resists erosion strongly. Brandt et al. [76] suggested that fiber orientation needs to be considered in choosing the required reinforcement type for structural 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t load carrying applications. Generally parallel longitudinal strands (0 o or 90 o ) offer compression and impact strength whereas helical strands (33 o or 45 o ) are able to hold torsional stresses.
Effect of Fiber Treatment
Fibers are divided into two categories, namely synthetic (engineering fibers) and natural based on their origin as shown in Figure 2 . The choice of fiber depends on the desired properties. From the past decades, there has been a lot of research on natural fibers as a replacement for synthetic fibers which has opened up further industrial possibilities [77] . The components in natural fibers are cellulose, hemicellulose, lignin, pectin, waxes and water soluble elements. Natural fiber reinforced composites can be used in packaging and automobile industries to reduce material costs.
Natural fibers have the benefits of low cost, low density, renewability, biodegradability and are abundantly available. However, they have some limitations of high moisture absorption, low thermal stability and are highly flammable. Important drawback with natural fibers is their poor adhesion compatibility between matrix and reinforcing fiber. In order to overcome the drawback chemical treatments have been adopted to modify fiber surface properties. Additionally, chemical treatments also provide fiber strength and reduce the moisture absorption that improve mechanical strength and erosion resistance of composites. The added chemicals activate hydroxyl groups than can interlock the matrix effectively. Typical chemical treatments of fiber include acetylation, silane, alkali, benzoylation, acrylation, isocynates, maleated coupling agents, permanganate, peroxide and etc [78] .
Anu Gupta et al. [79] analyzed the erosion behaviour of alkali treated bi-directional bamboo fiber reinforced Cement By-pass dust filled (CBPD) epoxy composites. The chemical treatment involved the immersion of fibers in alkali solution followed by neutralization with sulfuric acid solution. The erosion rate for chemically treated composites was found to be low compared to un-treated samples. They have concluded that the impingement angle, stand-off distance, filler content and impact velocity have pronounced influence on erosion rate of chemical treated samples. The erosion wear of un-treated composites are influenced only by filler content and impact angle. Similarly Vigneshwaran et al. [80] performed erosion test on alkali and silane treated jute-polyester composites. They have found that fiber treatment enhances erosion resistance and treated samples exhibited semi-ductile nature. In addition the increase in hardness and decrease in void content of fiber treated composites were also reported. Husnil et al. [81] mentioned that alkali and bleaching treatment of sorghum fiber reinforced polypropylene could 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t increase the crystallinity of composites. It was found that some of the regions on fiber got eroded due to the chemical treatment. 
Influence of Filler Particles on SPE
Polymer matrix composites consisting of fillers generally endow them with superior performance than pure polymers which might not be achieved alone by the reinforcement and matrix materials. Matrix act as a binder to interlock the fibers in uni-directional position. Its role is to transfer the load between the fibers. Addition of fillers leads to adequate interface bonding with polymer matrices. It is necessary to Page 10 of 38 AUTHOR SUBMITTED MANUSCRIPT -MRX-120045 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t maximize the properties of fillers where they can be used for advance applications. The properties of composites are dominated by fillers. Inclusion of fillers in the composites reduces the cost as they are least expensive than major ingredients.
Fillers can enhance mechanical properties such as flexural modulus, ultimate tensile strength and etc.
In addition they also improve fire properties by reducing organic matter in composite laminates. The shrinkage of filled matrix resins is less than that of unfilled resins. Therefore improvement in dimensional phosphorous, 0.3% magnesium, and traces of sodium, potassium, iron, copper, zinc and manganese. If calcium is removed from egg shells, an organic material remains as a residue [92] . Manoj et al. [93] extensively studied the erosion properties of egg shell particulate epoxy composites. They observed that erosion resistance is more for un-boiled egg shell particulate in comparison with boiled eggshell particulate composites as seen in figure 3 . The composites exhibited semi-brittle nature. As reported by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Zaman et al. [94] natural sources of carbonates as particulate fillers have been implemented in polymer materials for enhancing their thermal stability, rigidity and density. Eggshells could be valuable raw material for making glass-ceramic products due to their brittle property. Addition of egg shell particles in glass fiber/epoxy hybrid composites was studied by Adam khan et al. [95] . They have proved that filler percentage and erodent flow rate have promising significance on erosion rate. They have observed that egg shell particles have resistance towards erosion. Therefore when these particles are added to glass fibers, composite erosion wear gets decreased.
R.Girimurugan et al. [96] prepared epoxy composite with the inclusion of egg shell and coconut shell particles at different weight percentages. They have proposed that such composites can have a potential application in interior parts of an aircraft and automobile where low hydrophilic characteristic is necessary.
Figure 3 Erosion rate for different wt% of Unboiled and boiled eggshells epoxy composites [93]
Researchers YiLi et al. [97] , Anil et al. [98] , Bootklad and Kaewtatip [99] have also reported the egg shell particulate PMCs.
Marble dust is one among the fillers incorporated in polymer composites, which has been studied by some of the researchers. It comprise about 66% calcite. Marble stone industry generates stone slurry as waste material during cutting that causes environmental pollution. Hence waste material reuse has been emphasized. Marble slurry could be raw material in the production of ceramic tiles [100] . Mahavir
Choudary et al. [101] reported erosion studies on marble dust filled aramid fiber epoxy composites. It had been revealed that incorporation of filler shifted the impingement angle from 45 o to 60 o which indicated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t the semi-brittleness nature of composites. Similar erosion behaviour of marble dust with jute fiber/epoxy composites was observed by Sharma et al. [102] . The inclusion of marble dust in glass/epoxy composites were studied by Subrajith et al. [103] . Artificial neural network method was adopted to find out the optimal process parameters for achieving minimal erosion rate. From the reported results, it was evident that filler content has an appreciable effect than other factors. The majority of composite wear with marble dust contributed to the presence of hard and non-uniform fragmented particles [104] .
A new class of polymer composites with Granite dust as a filler was reported. It is a by-product produced through cutting and grinding process of granite stone. As per the reports, nearly 65% of total production from the granite industry remains waste which leads to soil pollution. Primarily the granite dust is angular and porous with rough crystalline surface texture. It is composed of silica (72%), potassium, alumina and traces of magnesium and calcium. [105] . Subrajith Ray et al. [106] observed the tribological behavior of glass/epoxy composites filled with granite dust. The experiments were conducted according to Taguchi experimental design for various control factors like filler content (0%, 5%, 10% and 15 wt %) , different impact velocities varying between 30-70 m/s and impingement angles (30°, 45, 60°, 90°) to obtain optimum parameter combination for attaining lower erosion rate. The results indicated that 10 wt% of filler showed improvement in erosion resistance of fabricated composites. Mathavan et al.
[107] prepared the aramid fiber reinforced granite dust filled polyester composites. The hardness (120 Rockwell hardness) of composites was high due to the presence of more silica content due to which the researchers proposed that such composite could be an alternative for alloys in hydraulic turbine blade application. Slurry jet erosion tests performed on composites revealed that 10 wt% of granite is an optimum value to achieve lower erosion wear. Incorporation of granite dust particles into the glass fiber/ epoxy composites were studied by AK Rout et al. [108] and MJ Pawar [109] . The filled composites were semi-brittle in nature. The erosion rate showed a positive effect on the composites. However, both the studies proposed different results. The erosion rate is lower at an optimum filler content of 20 wt% [108] as evident from figure 4 and the other with filler content of 14 wt% [109] .
The use of traditional PMCs appears to be insufficient for present day necessities. Nano composites are probably an alternative to achieve superior properties. Inorganic or organic fillers of a few nanometer size are considered nano particles whereas those with a size of few meters to tens of meters are termed micro particles. Erosion wear rate is also influenced by the size of the filler particles. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Ceramic filled polymer composite have been broadly explored in recent decades, and these are expensive because the cost of ceramic fillers is high. Investigation into the capability of modest resources like industrial wastes turned out to be significant.
Red mud is a by-product from bauxite used in aluminum production through Bayer's process. It comprises 50% iron oxide (Fe2O3). It is highly corrosive in nature. The fine particles are toxic and dangerous to the surroundings [113] . Such industrial wastes have no proper disposal methods and are dumped into the environment where they affect the atmosphere. Due to the presence of heavy metal oxide in red mud it is having potential in improving the hardness of composites which makes it suitable for erosion applications [114] . Researchers [115] [116] [117] [118] reported that the addition of red mud waste in fiber reinforced polymer matrix composites resulted in improved erosion resistance. A comparison study on erosion behaviour of red mud filled bamboo fiber and glass fiber reinforced composites were carried out 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t by Biswas and Satapathy [119] . All the composites showed maximum erosion at 60 o impact angle proving the semi-ductile nature. It was noticed that for similar testing conditions, erosion wear is high for glass fiber reinforced composites than bamboo fiber composites. This shows a good bonding between bamboo fibers and red mud filler.
Copper slag is another industrial waste obtained during the extraction of copper by smelting process.
Erosion characteristics of jute fiber reinforced with copper slag particulate polyester composites were investigated by Kalusuraman et al. [120] . Their results shows that copper particles up to 10 wt. % Fabricated composites are exposed to distinct environmental conditions like saline & mineral water, kerosene and subzero temperatures. Erosion tests were performed for different impingement angles and impact velocities. All the composites showed semi-brittle nature. The investigators concluded that erosion resistance is least for samples subjected to sub-zero environment, as seen from figure 5. From SEM images it was revealed that arhar fiber have porous structure due to which matrix-reinforcement interfacial bonding is improved. Therefore, regardless of environmental conditions, the erosion resistance was enhanced for all the composites. In a study by Ved Prakash et al. [124] addition of rubber wood particulate from 10 to 40 wt% in epoxy revealed the semi ductile nature for maximum erosion wear occurring at 45 o impact angle. They have concluded that micro-cutting and ploughing mechanisms are responsible for the erosion of composites. The results were in agreement with the research work carried out by SK Acharya and Vasunaik [125] . Another bio-filler, rice husk, which is an agricultural waste, contains high amounts (nearly 23%) of silica. There are huge amounts of un-used rice husk wastage all over the world. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t residual ash produced due to the thermal treatment of rice husk at 900 o causes environmental pollution.
Therefore finding alternative eco-efficient use for rice-husk are essential [126] .
Figure 5 Effect of impingement angle on erosion rate of Arhar particulate composites exposed to different environmental conditions [123]
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Erosion efficiency Ƞ
Erosion efficiency is accomplished for recognizing the dominant mechanism that leads to SPE [170] . It is defined as the ratio of actual volume of material removed as erosion fragments to the displaced volume and is given by equation ( is the density of target material and E (in kg/s) is the erosion rate (ER). Here ER is the fraction of mass loss of erodent material to erodent mass. ER strongly depends on impact velocity according to power law E α v n applicable for all the materials. In other words erosion efficiency is defined as the volume lost per unit mass of erodent and given by equation (3). Erosion efficiency depends on the hardness of eroding material.
The value of Ƞ indicates the nature of erosion mechanism. If the value of Ƞ=0 then ideal ploughing had taken place where only the displacement of material from the crater is involved without fracture. In contrast if Ƞ=1 or 100%, then material removal is due to micro-cutting. The value of Ƞ is greater than 1 for brittle materials where erosion mechanism is due to spalling and interlinking of cracks. For ductile materials, the value of Ƞ is much lower than 100% in which fracture occurs due to repetitive impact of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t erodents. Elastomers have Ƞ < 0.1% which show that they are more resistive towards erosion. Table 2 gives the type of erosion with respect to erosion efficiency. The erosion efficiency of different types of PMCs were reported by Sundararajan et al. [167] and Suresh et al. [168] .
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